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JUDGHVDUHZLGHO\XVHG LQ WKHDXWRPRWLYH LQGXVWU\ZKLFKPRWLYDWHG IXUWKHU LQYHVWLJDWLRQV WR IRFXVRQGHIHFWIUHH
ZHOGLQJFI0LOEHUJDQG7UDXWPDQQ:LOGHQHWDOSRLQWHGRXWWKDWDVXEVWLWXWLRQRIZHOGLQJE\EUD]LQJ
LVDVWHSWRZDUGVUHVRXUFHDQGHQHUJ\HIILFLHQWMRLQLQJLQWKHSURGXFWOLIHF\FOH%HVLGHVSRUHVDQGVSDWWHUDUHRIWHQ
DQ LVVXH IRU ODVHU ZHOGLQJ DFFRUGLQJ WR 6FKPLGW DQG .lJHOHU $OVR IRU WKLV UHDVRQ ODVHU EUD]LQJ ZLWK
FRSSHUEDVHILOOHUZLUHKDVEHFRPHRQHNH\MRLQLQJWHFKQRORJ\LQWKHPRGHUQDXWRPRWLYHLQGXVWU\7KHWHFKQLTXHLV
ZLGHO\XVHGIRUMRLQLQJ]LQFFRDWHGSDUWVRIWKHRXWHUERG\ZRUNZKLFKDUHW\SLFDOO\H[SRVHGWRWKHFXVWRPHU¶VH\H
0RUHVSHFLILFDOO\.LPSHOH[DPSOLILHVWKDWWREHHJMRLQLQJWKHURRIWRWKHVLGHSDQHOSDUWVRIWKHWUXQNOLG
HWF ,Q HDFK FDVH WKH FXVWRPHU H[SRVHG SDUWV GHPDQG WKH KLJKHVW SRVVLEOH VXUIDFH TXDOLW\ ZKLFK LV RI FRXUVH
LQFOXGLQJOHDNWLJKWQHVV$WEHVWWKHMRLQWGRHVQRWDSSHDUOLNHDMRLQWDIWHUILQLVKLQJ
&RPSDUHGWRDOWHUQDWLYHMRLQLQJWHFKQLTXHVOLNHHJDUFEUD]LQJODVHUEUD]LQJKDVGLQWLQFWDGYDWDJHVWKDWSD\RII
RQ WKH ORQJ WHUP OHJLWLPDWLQJ WKHKLJKHU FRVWV IRU WKH WHFKQRORJ\ VHH5LHGHOVEHUJHUHWDO0RVW LPSRUWDQW
EHQHILWV DUH KLJK SURFHVVLQJ VSHHGV DQG D ORZ KHDW LQSXW DQG WKH DYDLODEOH PRUH DQG PRUH XSJUDGHG SURFHVV
FRQWUROVDVLWLVGLVFXVVHGE\*UDXGHQ]HWDO'XHWRWKHPLQRUWKHUPDOORDGRIODVHUEUD]LQJWKHMRLQWVGHPDQG
OLWWOH UHZRUN DQGZHOOHQJLQHHUHG V\VWHP WHFKQRORJ\ VLJQLILFDQWO\ HQKDQFHV WKH UHOLDELOLW\ RI WKH WHFKQLTXH 7KH
LQFUHDVHG UHOLDELOLW\ RI ODVHU EUD]LQJ FDQ EH DWWULEXWHG WR D ZHOO DGYDQFHG NQRZOHGJH RI WKH WHPSHUDWXUH ILHOG
*ULPPHWDODQGPHOWG\QDPLFV*ULPPHWDO
+RZHYHUWKHUHDUHOLPLWVWRWKHVWDWHRIWKHDUWODVHUEUD]LQJ2QWKHRQHKDQGWKHILOOHUPHWDO¶VKLJKUHIOHFWLYLW\RI
VROLGVWDWHODVHUUDGLDWLRQZKLFKFDQEHXSWRDFFRUGLQJWR'DXVLQJHULVLPSDFWLQJSURFHVVHIILFLHQF\
2QWKHRWKHUKDQGWKHPD[LPXPSURFHVVLQJVSHHGDSSOLHGLQVHULHVSURGXFWLRQRIXSWRPPLQLVFRPSDUDWLYHO\
ORZ IRU ODVHU EUD]LQJ 7KDW LV EHFDXVH LQ FRQYHQWLRQDO SURFHVV FRQILJXUDWLRQ WKH ODVHU EHDP LPSLQJHV QHDUO\
SHUSHQGLFXODUDQG WKH ILOOHUZLUH LVGHOLYHUHGXQGHUDQDQJOHRIGHJUHHDVGHVFULEHGE\+HLWPDQHNHWDO
7KHUHIRUH WKH ILOOHUZLUH LV VKDGRZLQJ WKH MRLQLQJ SDUWQHUV WR VRPH H[WHQW ZKLFK LV UHVXOWLQJ LQ DQ LQVXIILFLHQW
KHDWLQJDWKLJKEUD]LQJVSHHGVZKLFKLQWXUQLVDIIHFWLQJWKHZHWWLQJDQGWKXVWKHVHDPTXDOLW\*ULPPIRXQG
WKDWDWKLJKHUSURFHVVLQJVSHHGWKHZHWWLQJWDNHVSODFHLQDSHULRGLFPDQQHUZKLFKLVQHJDWLYHO\LPSDFWLQJVXUIDFH
TXDOLW\7RRYHUFRPHVSHHGDQGZHWWLQJ OLPLWV WZREHDP ODVHUEUD]LQJZDV LQWURGXFHGDQGKDVEHHQ LQYHVWLJDWHG
HYHUVLQFH$FFRUGLQJWR+RIIPDQQHWDOWKHSULQFLSOHLVWRXVHRQHKLJKHQHUJ\ODVHUEHDPWRPHOWWKHILOOHU
ZLUHDORQJZLWKDIRUHUXQQLQJORZHQHUJ\ODVHUEHDPWRSHKHDWWKHVKHHWVLQWKHSURFHVVLQJ]RQHDQGWKHUHE\VXSSRUW
WKHZHWWLQJ3UHYLRXVO\ WKHDXWKRUVSRLQWHG WKDWRXW VKRZLQJ WKHFRUUHODWLRQEHWZHHQSUHKHDWLQJ WHPSHUDWXUHDQG
ZHWWLQJ OHQJWK FI0LWWHOVWlGWHWDO ,QFRQVHTXHQFHRI WKHSURFHVVFRQILJXUDWLRQ WKH ILOOHUZLUH LV W\SLFDOO\
DOLJQHGLQWKHPLGGOHRIWKHEHDPD[HV1RQWKHOHVVWZREHDPODVHUEUD]LQJVROXWLRQVPDNHDYLUWXHRIWKHQHFHVVLW\
WRKDYHWRGHOLYHUWKHILOOHUZLUHDWDQHDUO\SHUSHQGLFXODUDQJOHDGYHUWLVLQJWKDWWKHUHE\KDUGO\DFFHVVDEOHFRQWXUHV
FDQEHMRLQHGDQGWKDWDFKDQJHLQSURFHVVGLUHFWLRQFDQEHHDVLHUPDGHVHHHJ+RUQLJ+RZHYHUWKHUHDUH
QXPHURXV WZREHDP SURFHVVLQJ KHDGV DYDLODEOH EXW QR SURGXFW KDV \HW HVWDEOLVKHG LQ VHULHV SURGXFWLRQ 7KLV LV
EHFDXVH RI HQKDQFHG V\VWHP FRVWV DQG FRPSOH[LW\ 2YHUDOO WZREHDP ODVHU EUD]LQJ IHDWXUHV EHQHILWV DV IDU DV
DWWDLQDEOHSURFHVVLQJVSHHGDQGLPSURYHGZHWWLQJLVFRQFHUQHGEXWKDVFRQVWUDLQWVDVWKHUHDUHKLJKHUFRVWV
7KLV FRQWULEXWLRQ EXLOGV RQ WKH VLWXDWLRQ WKDW WKHUH DUH ZHOO GRFXPHQWHG EHQHILWV IRU ODVHU EUD]LQJ ZLWK
SUHKHDWLQJ7KHGUDZEDFNRIWKHWHFKQRORJ\ZKLFKLVUDWKHUDWWULEXWHGWRIXUWKHUV\VWHPFRVWVLVDGGUHVVHGE\WKH
LQQRYDWLYHSURFHVVLQJ FRQFHSW WKDW WKLVZRUN LV LQWURGXFLQJ$QRYHO DSSURDFK IRU ODVHUEUD]LQJ LVSUHVHQWHG WKDW
IHDWXUHV D FRPSDUHDEO\ VWHHS ILOOHU ZLUH DOLJQPHQW DQG WKH ODVHU EHDP LQ OHDGLQJ FRQILJXUDWLRQ %\ WKDW PHDQV
RWKHUZLVHXQH[SORLWHGODVHUUDGLDWLRQWKDWLVUHIOHFWHGIURPWKHILOOHUZLUHLVGLUHFWHGRQWRWKHVXEVWUDWH
,GHDDQG$SSURDFK
7KH QRYHO DSSURDFK RI WKLV FRQWULEXWLRQ LV EDVHG RQ WKH DOLJQPHQW RI ILOOHU ZLUH D[LV DQG EHDP D[LV WR RQH
DQRWKHU LQZKLFK WKH ODVHU EHDP LV SUHFHHGLQJ WKH WKH ILOOHUZLUH 7KH HIIHFWZKLFK LV LQWHQGHG E\ WKLV SURFHVV
FRQILJXUDWLRQLVLOOXVWUDWHGLQ)LJ2QWKHOHIWDGHWDLOHGYLHZRIWKHILOOHUZLUHWLSLQFRQWDFWZLWKWKHVXEVWUDWHDQG
LOOXPLQDWHGE\ WKHSLORW ODVHU LV JLYHQ%\ UHGLUHFWLRQRI WKH LQFLGHQW ODVHU UDGLDWLRQRQWR WKH VXEVWUDWH LQSURFHVV
GLUHFWLRQUHIOHFWHGDQGRWKHUZLVHXQH[SORLWHGODVHUUDGLDWLRQVKDOOEHXWLOL]HG'XHWRWKHJHRPHWU\RIWKHILOOHUZLUH
WKH LQFLGHQW ODVHUEHDP LV H[SDQGHG LOOXPLQDWLQJ DZLGHU DUHD RI WKH VXEVWUDWH7KH VNHWFKRQ WKH ULJKW LQ)LJ
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7KH DSSOLHG SURFHVVLQJ VHWXS LV JLYHQ LQ )LJ 5HODWHG WR WKH YHUWLFDO D[LV WKH ODVHU EHDP D[LV ZDV VHW WR
GHJUHHDQGWKHILOOHUZLUHZDVGHOLYHUHGDWGHJUHHV)RU WKHH[SHULPHQWVD7UXPSI7UX'LVN'P
ILEHU FRUH GLDPHWHU VROLGVWDWH ODVHU ZDV XVHG 7KH XVHG UHSURGXFWLRQ UDWLR RI WKH EUD]LQJ RSWLFV LV 
IIRF PPIFRO PPZKLFKLVPDJQLI\LQJWKHPLPLPXPEHDPGLDPHWHUWRPLQWKHIRFDOSODQH
)LJ&ORVHXSRIWKHILOOHUZLUHWLSLOOXPLQDWHGE\WKHSLORWODVHU
OHIWVNHWFKRIWKHRSWLFDOSDWKRIWKHODVHUEHDPULJKW
)LJ3URFHVVLQJVHWXS/DVHU7UX'LVN'ILEUHP
ZDYHOHQJWKQPUHSURGXFWLRQUDWLRODVHUDQJOHZLUH
DQJOH
([SHULPHQWDO0HWKRGV
3.1. Materials 
*DOYDQL]HG VWHHO VKHHWV PP WKLFN ZHUH XVHG 7KHUHE\ WZR VWHHO JUDGHV ZLWK GLIIHULQJ ]LQF FRDWLQJV
'&=( HOHFWURJDOYDQL]HG DQG ';'= KRW GLS JDOYDQL]HG ZHUH LQYHVWLJDWHG HLWKHU FRDWLQJ
WKLFNQHVVEHLQJDERXWP7KHILOOHUZLUHLQWKHH[SHULPHQWVZDV&X6L0Q PP
3.2. Procedure 
%UD]LQJH[SHULPHQWVFRQWDLQHGEHDGRQSODWHEUD]LQJDVZHOODVEUD]LQJRIILOOHW MRLQWV*HQHUDOIHDVLELOLW\DQG
SURFHVV FKDUDFWHUL]DWLRQ RI ODVHU EUD]LQJ LQ EHDP OHDGLQJ FRQILJXUDWLRQZDV DQDO\VHG E\PHDQV RI EHDGRQSODWH
EUD]LQJ7KHDSSOLFDELOLW\RIWKHDSSURDFKZDVGHPRQVWUDWHGLQWKHODWWHUE\FDUU\LQJRXWILOOHWMRLQWV,QGRLQJVRDQ
DSSOLFDWLRQIURPWKHDXWRPRWLYHLQGXVWU\LVDGGUHVVHGWKDWLVWKHURRIWRWKHVLGHSDQHOMRLQWDOVRNQRZQDV]HURJDS
MRLQW
3.3. Process monitoring 
+LJKVSHHG YLGHR PRQLWRULQJ ZDV XVHG WR LQYHVWLJDWH WKH SURFHVV EHKDYLRU ,Q RUGHU WR ILOWHU RXW GLVWXUELQJ
SURFHVV UDGLDWLRQ WKHXWLOL]HG9LVLRQ5HVHDUFK3KDQWRP9KLJKVSHHGFDPHUDZDVV\QFKURQL]HGZLWKD&DYLWDU
&DYLOX[SXOVHGGLRGHLOOXPLQDWLRQODVHUQPDQGHTXLSSHGZLWKDQRWFKILOWHUVSHFLILHGIRUWUDQVPLWWLQJRQO\WKH
LOOXPLQDWLQJZDYHOHQJWK
,Q RUGHU WR GHWHFW WKH UHIOHFWHG VROLG VWDWH ODVHU UDGLDWLRQ DPRQRFKURPH&026FDPHUDZDV HTXLSSHGZLWK D
QDUURZEDQGSDVVILOWHUFHQWUDOZDYHOHQJWKQPKDOIZLGWKQP7RDYRLGRYHUH[SRVXUHRIWKHKLJK
VHQVLWLYHVLOLFRQGHWHFWRUJUD\ILOWHUV2'DQG2'ZHUHXVHG/DVHUUDGLDWLRQPRQLWRULQJZDVSHUIRUPHGZLWK
DIUDPHUDWHRI+]
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3.4. Metallography 
%HDGRQSODWH VHDPV DQG ILOOHW VHDPV ZHUH ERWK DQDO\]HG E\ RSWLFDO PLFURVFRS\ ,Q RUGHU WR GHWHUPLQH WKH
FRQQHFWLRQ ZLGWKV RI WKH ILOOHW MRLQW FURVVVHFWLRQV ZHUH WDNHQ IURP WKH VHDP )XUWKHUPRUH ;UD\ FRPSXWHU
WRPRJUDSK\ZDVSHUIRUPHGWRDQDO\]HWKHUHJXODULW\DQGSRURVLW\RIWKHILOOHWVHDP
5HVXOWV
4.1. Laser radiation monitoring 
$QXQILOWHUHGYLHZRIWKHODVHUUDGLDWLRQPRQLWRULQJ/50FDPHUDLVJLYHQLQ)LJDVKRZLQJWKHILOOHUZLUH
FRQWDFWHGZLWKWKHVXEVWUDWHDQGLOOXPLQDWHGE\WKHSLORWODVHU%\LQWURGXFLQJDFDOLEUDWLRQWRWKHVKHHWVXUIDFHLQ
SURFHVVGLUHFWLRQDQGWUDQVYHUVHWRLWQRWGHSLFWHGDFRQYHUVLRQRISL[HOVWRPLOOLPHWHUVLVHQDEOHG)LJEVKRZV
DQ LPDJH RI WKH EHIRUH GHVFULEHG YLHZ ZLWK DQ DGMXVWHG IUDPH H[SRVXUH WLPH WR UHGXFH RYHUH[SRVXUH RI WKH
LOOXPLQDWHGDUHD7KHUHE\WKHVKDSHRIWKHUHIOHFWLRQUHVXOWLQJIURPLQWHUDFWLRQEHWZHHQWKHVROLGILOOHUZLUHWLSDQG
WKHSLORWODVHULVLOOXVWUDWHG7RSRLQWRXWWKHVHLQWHUDFWLRQ)LJFVKRZVWKHSLORWODVHULPSLQJLQJRIWKHVXEVWUDWH
ZLWKQRILOOHUZLUHUHGLUHFWLRQZKLFKLVVXSSRUWHGE\WKHGDVKHGOLQH

)LJDXQILOWHUHGYLHZRIWKHODVHUUDGLDWLRQPRQLWRULQJ/50FDPHUDEFURSSHGLPDJHRIWKH/50FDPHUDZLWKDGMXVWHGH[SRVXUHFODVHU
EHDPLPSLQJLQJRQWKHVKHHWVXUIDFHZLWKRXWILOOHUZLUHLQWHUDFWLRQ
4.2. Bead-on-plate laser brazing 
%HDGRQSODWHODVHUEUD]LQJZDVSHUIRUPHGWRGHPRQVWUDWHWKHJHQHUDOIHDVLELOLW\RIWKLVSURFHVVLQJVHWXSDQGWR
XQGHUVWDQGWKHRYHUDOOSURFHVVEHKDYLRUDQGSDUDPHWHUFRUUHODWLRQV6WDEOHSURFHVVLQJFRXOGEHREVHUYHGZKHUHXSRQ
FRQVLVWHQW ZHWWLQJ ZDV DFKLHYHG $ W\SLFDO VHDP DSSHDUDQFH IRU VWDEOH EHDGRQSODWH EUD]LQJ LV UHSUHVHQWHG E\
)LJ
)RUWKHIXQGDPHQWDOLQYHVWLJDWLRQVDSURFHVVLQJVSHHGRIPPLQDQGWKHUHIRUHDKLJKHQHUJ\LQSXWSHUOHQJWK
ZDVFKRVHQ7KLVUHVXOWHGLQDFOHDUO\YLVLEOHLPSDFWRQWKH]LQFFRDWLQJRIWKHVXEVWUDWH7KLVDJDLQFRQWULEXWHVWR
WKHXQGHUVWDQGLQJRIWKHSURFHVVFKDUDFWHULVWLFV2QWKHRQHKDQGWKHLPSDFWRQWKH]LQFOD\HUFDQEHVHHQULJKWQH[W
WRWKHVHDPHGJHVVKRZLQJVPDOOZKLWHUHJLRQZKLFKLVW\SLFDOIRU]LQFEXUQRII2QWKHRWKHUKDQGWKHUHLVDQDUHD
ZKLFKLVDSSUR[LPDWHO\PPZLGHLQGLFDWHGE\WKHGDVKHGOLQHVLQ)LJDZKHUHWKHVXUIDFHRIWKHVXEVWUDWHZDV
YLVLEO\LQIOXHQFHGE\WKHSURFHVV+RZHYHUWRHYDOXDWHWKHUHJXODULW\RIWKHZHWWLQJWKHVHDPZLGWKZDVDQDO\VHG
XVLQJRSWLFDOPLFURVFRS\7KHHGJHVRIWKHVHDPDUHKLJKOLJKWHGLQ)LJEDQGWKHFRXUVHRIWKHVHDPZLGWKLV
JLYHQLQ)LJF7KHPHDVXUHGPHGLDQVHDPZLGWKLQWKLVGHSLFWHGFDVHZDVPPZLWKDVWDQGDUGGHYLDWLRQ
RIPP
+LJKVSHHG YLGHR PRQLWRULQJ +60 VKRZHG WKDW VWDEOH SURFHVVLQJ LV DFKLHYHG ZKHQ WKHUH LV D FRQWUROOHG
GHSRVLWLRQRIEUD]HPHWDORQWRWKHVXEVWUDWHIRUPLQJDILUPEUD]HPHWDOWUDQVLWLRQ7KHUHIRUHWKHUDWLRRIILOOHUZLUH
IHHGUDWHWRODVHUSRZHUZLWKUHVSHFWWRWKHIRFXVSRVLWLRQLVPDQGDWRU\IRUVWDEOHSURFHVVLQJ)XUWKHUPRUHWKHSRLQW
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RILQWHUVHFWLRQRIWKHODVHUEHDPD[LVDQGWKHZLUHD[LVLVHTXDOO\LPSRUWDQW:KHQWKHODVHUEHDPDQGWKHILOOHUZLUH
LQWHUVHFWWRRKLJKDERYHWKHVXEVWUDWHWKHEUD]HPHWDOIRUPVGURSOHWVDQGQRVHDPLVSURGXFHG2QWKHRWKHUKDQGD
WRRORZLQWHUVHFWLRQRIWKHODVHUEHDPDQGWKHILOOHUZLUHOHDGVWRDGLVWXUEHGILOOHUZLUHGHSRVLWLRQEHFDXVHWKHVLGH
RIWKHILOOHUZLUHZKLFKLVDYHUWHGIURPWKHODVHUEHDPLVIXVHGLQFRPSOHWHO\ZKLFKLQWXUQUHVXOWVLQDQLUUHJXODU
VHDP IRUPDWLRQ0RUHRYHU+60 LQGLFDWHV WKDW WKH ]LQFFRDWLQJ RI WKH VXEVWUDWH LV DIIHFWHG SULRU WR WKHZHWWLQJ
%HVLGHVLWFRXOGEHVHHQWKDWWKHZHWWLQJWDNHVSODFHUDWKHULWHUDWLYHO\WKDQEHLQJFRPSOHWHO\FRQWLQXRXV
3URFHVVPRQLWRULQJXVLQJWKHQDUURZEDQGILOWHUHGPRQRFKURPH&026FDPHUDV\VWHPZDVVXFFHVVIXOO\XVHGWR
GHWHFW WKH UHIOHFWLRQ RI WKH ODVHU UDGLDWLRQ LQ WKH SURFHVVLQJ ]RQH $Q LPDJH VHTXHQFH RI ERWK ODVHU UDGLDWLRQ
PRQLWRULQJ/50DQGV\QFKURQL]HGKLJKVSHHGYLGHRIRRWDJHLVJLYHQLQ)LJ+60VKRZVWKHVLGHYLHZRIWKH
EUD]LQJSURFHVV7KHWLPHUHODWHGGLVSOD\RIWKHLPDJHVVXSSRUWVWKHLQWHUSUHWDWLRQRIWKHVKDSHRIWKHUHIOHFWLRQLQ
WKH/50LPDJHV7KHVHTXHQFHLQFOXGHVWKHEHJLQQLQJRIWKHSURFHVVWRSRLQWRXWWKHFRUUHODWLRQEHWZHHQILOOHUZLUH
JHRPHWU\ DQG WKH VKDSH RI WKH UHIOHFWLRQ LQ WKH JUD\VFDOH LPDJHV REWDLQHG E\ /50 $IWHU EHDG IRUPDWLRQ WKH
ZHWWLQJEHFRPHVYHU\FRQVLVWHQW

)LJD2YHUYLHZRIWKHVHDPDSSHDUDQFHIRUEHDGRQSODWHODVHUEUD]LQJEGHWDLOHGSLFWXUHRIWKHVHDPHGJHVFFRXUVHRIWKHVHDPZLGWK
3DUDPHWHUV';'=PP&X6L0Q PPEUD]LQJVSHHG PPLQILOOHUZLUHIHHGUDWH PPLQ
ODVHUSRZHU N:IRFXVSRVLWLRQ PP
7KH ILUVW IUDPH RI WKH LPDJH VHTXHQFH VKRZV WKH EHJLQQLQJRI WKH SURFHVVZKHQ WKH ODVHU EHDP LV WXUQHGRQ
LPSLQJLQJRQWKHEDUHVXEVWUDWH7KHVKDSHRIWKH/50ZLGWKPPLVDFFRUGLQJWRWKHH[SHFWHGDQGDGMXVWHG
EHDPGLDPHWHU RQ WKH VXEVWUDWH WKDW LV PP7KHGDVKHG OLQH LQ HDFK IUDPHRI ERWK WKH/50DQG WKH+60
PDUNVWKHERWWRPRIWKHLQLWLDOODVHULQFLGHQFHSRLQW7KHVHFRQGIUDPHRIWKHLPDJHVHTXHQFHVKRZVWKHVROLGILOOHU
ZLUH WLS LQWHUVHFWLQJZLWK WKH ODVHUEHDPZLWK WKHEUD]HPHWDOQRW\HW LQ WRXFKZLWK WKH VXEVWUDWH7KHUHIRUH WKH
IRUPHUO\LUUDGLDWHGDUHDRIWKHVXEVWUDWHLVPRVWO\VKLHOGHGDQGQRIXUWKHUODVHUUHIOHFWLRQLVGHWHFWHG7KHWKLUGIUDPH
RI WKH+60 VHTXHQFH VKRZV WKH DFWXDO EHJLQQLQJ RI WKH EHDG IRUPDWLRQ$W WKLV SRLQW WKH ILOOHUZLUH LV SDUWLDOO\
PROWHQQRW\HWPDNLQJIXOOFRQWDFWZLWKWKHVXEVWUDWH5HIOHFWHGUDGLDWLRQFDQEHLGHQWLILHGIURPWKHZLUHWLSDVZHOO
DV IURPDQDUHDRI WKH VXEVWUDWHZKLFK LV ORFDWHG LQ IURQWRI WKH LQLWLDO ODVHU LQFLGHQFH7KHUHIRUH ODVHU UDGLDWLRQ
PXVWKDYHEHHQUHGLUHFWHGIURPWKHILOOHUZLUHWLS%HFDXVHRIWKHILOOHUZLUH¶VURXQGVKDSHODVHUUDGLDWLRQLVQRWRQO\
EHLQJUHIOHFWHGIRUZDUGWR WKHZHWWLQJEXWDOVRWR WKHVLGH LOOXPLQDWLQJWKHVXEVWUDWHZLGHU WKDQEHIRUH7KHQH[W
IUDPHLQWKH+60VHTXHQFHVKRZVWKHEUD]HPHWDOIXOO\PROWHQPDNLQJIXOOFRQWDFWZLWKWKHVXEVWUDWH,QGRLQJVR
WKHPHOWLVSXOOHGVOLJKWO\WRWKHIURQW7KHJHRPHWU\RIWKHVROLGILOOHUZLUHLVWDSHUHGLQGLUHFWLRQRIWKHPHOW3ULRU
WR WKHZHLWWLQJDQ LQIOXHQFHRQ WKHFRDWLQJFDQEHVHHQ7KH/50DSSHDUVPRUH LQWHQVHRYHUDOOVKRZLQJDVPDOO
VDWXUDWHG DUHD7KH VSUHDGRI WKHGHWHFWHG ODVHU UDGLDWLRQ LQGLFDWHV WKDW WKH URXQG VKDSHRI WKH VROLG ILOOHUZLUH LV
FRQVHUYHGWRVRPHH[WHQW7KHILIWKDQGILQDOIUDPHRIWKHVHTXHQFHVKRZVWKHEUD]LQJSURFHVVLQLWVVWDEOHFRQGLWLRQ
DIWHUPV WLPHHODSVHG+LJK LQWHQVLW\ UHIOHFWHG ODVHU UDGLDWLRQ LVGHWHFWHG DQG WKHUHIRUH VDWXUDWHG DUHDV LQ WKH
/50LPDJHDSSHDU
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
)LJ6\QFKURQL]HGSLFWXUHVHTXHQFHVRIWKHODVHUUDGLDWLRQPRQLWRULQJWRSDQGWKHKLJKVSHHGYLGHRPRQLWRULQJERWWRPIRUEHDGRQSDOWH
ODVHUEUD]LQJ3DUDPHWHUV';=PP&X6L0Q PPEUD]LQJVSHHG PPLQILOOHUZLUHIHHGUDWH PPLQ
ODVHUSRZHU N:IRFXVSRVLWLRQ PPVKLHOGLQJJDV$UJRQOPLQ
,QRUGHUWRLQYHVWLJDWHSURFHVVEHKDYLRUDQGFKDUDFWHULVWLFVWKHVKDSHRIWKHJUD\VFDOHLPDJHVIURP/50ZHUH
DQDO\VHG)LJDQG)LJ7RHYDOXDWHWKHUHIOHFWHGVKDUHVRIWKHODVHUUDGLDWLRQWKDWFRQWULEXWHWRWKHZHWWLQJRIWKH
VXEVWUDWHWKHOHQJWKDQGZLGWKRIWKHUHIOHFWHGODVHUUDGLDWLRQLVFRQVLGHUHGIRUWKHSURFHVVLQVWDEOHFRQGLWLRQ
7KHOHQJWKRIWKHUHIOHFWHGODVHUUDGLDWLRQLVJLYHQDVWKHGLVWDQFHIURPWKHHGJHRIWKHGHWHFWHGUHIOHFWLRQVROLG
UHGOLQHUHODWHGWRWKHLQLWLDOODVHULQFLGHQFHSRLQWGDVKHGOLQHLQ)LJ,WFDQEHVHHQWKDWODVHUUDGLDWLRQVKDUHV
FDQEHGHWHFWHGRQ WKHVXEVWUDWHDQDYHUDJHPPSULRU WRZKHUH WKH ODVHUEHDPRULJLQDOO\ LPSLQJHGZLWK WKH
FRXUVHRIWKHGHWHFWHGOHQJWKQRWEHLQJUHJXODUEXWFRQVLVWHQWO\RYHUPPWKURXJKRXWWKHSURFHVV7KHSHDNVLQ
WKHGHWHFWHGOHQJWKDQGLWVXQEDODQFHGFRXUVHFDQEHUHODWHGWRWKHSHULRGLFZHWWLQJWKDWFDQEHVHHQLQ+60
7KHZLGWKRIWKHGHWHFWHGUDGLDWLRQLVLOOXVWUDWHGLQ)LJ$VPHQWLRQHGEHIRUHWKHZLGWKRIWKHGHWHFWHGODVHU
UDGLDWLRQH[HHGVWKHLQLWLDOO\REVHUYHGUHIOHFWLRQRQWKHEDUHVXEVWUDWHDQGEHDPGLDPHWHUUHVSHFWLYHO\&RPSDUHGWR
WKHOHQJWKRI WKHUHIOHFWHGODVHUUDGLDWLRQVKDUHV WKHGHWHFWHGZLGWKLVPRUHHYHQ7KHDYHUDJHRI WKHZLGWKRI WKH
GHWHFWHG UHIHOHFWLRQ LV PP7KDW H[HHGV WKHZLGWK RI WKH VHDP PP EXW LV OHVV WKDQ WKHZLGWK RI WKH
YLVLEO\LQIOXHQFHGDUHDDURXQGWKHVHDPFI)LJD
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)LJ&RXUVHRIWKHGHWHFWHGOHQJWKRIWKHUHIOHFWHGODVHUUDGLDWLRQ
JLYHQRYHUWKHSURFHVVGXUDWLRQVWDEOHFRQGLWLRQ
)LJ&RXUVHRIWKHGHWHFWHGZLGWKRIWKHUHIOHFWHGODVHUUDGLDWLRQJLYHQ
RYHUWKHSURFHVVGXUDWLRQVWDEOHFRQGLWLRQ
4.3. Laser brazing of fillet joints 
7RLQFUHDVHWKHHQHUJ\UHODWHGSURFHVVHIILFLHQF\IRUODVHUEUD]LQJMRLQLQJH[SHULPHQWVZLWKUHVSHFWWRLQGXVWULDO
FRQGLWLRQVZHUHSHUIRPHG7KHUHIRUHWKHSURFHVVLQJVSHHGZDVLQFUHDVHGWRPPLQORZHULQJWKHHQHUJ\LQSXWSHU
OHQJWKDQGUHGXFLQJWKHWKHUPDOORDGRQWKHMRLQLQJSDUWQHUVDQGWKHLUUHVSHFWLYHFRDWLQJV
7KH UHVXOWLQJ VHDP DSSHDUDQFH IRU ODVHU EUD]LQJ RI WKH URRI WR WKH VLGH SDQHO MRLQW LV LOOXVWUDWHG LQ WKH WRS RI
)LJ$WWKHKLJKSURFHVVLQJVSHHGRIPPLQDKLJKPHOWLQJUDWHRIWKHEUD]HPHWDODQGDFRUUHVSRQGLQJO\KLJK
ILOOHUZLUHIHHGUDWHLVUHTXLUHGWRDFKLHYHWKHUHTXHVWHGFRQQHFWLRQZLGWKIRUWKLVMRLQW,QWKLVFDVHDILOOHUZLUHIHHG
UDWHRIPPLQZDVFKRVHQ7KHUHIRUHLWZDVQHFHVVDU\WRLQUHDVHWKHODVHUSRZHUWRN:DVZHOOLQRUGHUWR
REWDLQ WKH KLJK UHTXLUHG PHOWLQJ UDWH 7KH IRFXV SRVLWLRQ ZDV VHW WR PP UHVXOWLQJ LQ D EHDP GLDPHWHU RI
PPDOVRFRQWULEXWLQJWRWKHKLJKPHOWLQJUDWHRIWKHILOOHUZLUH7KHKLJKHQHUJ\UHTXLUHGWKHXVHRIVKLHOGLQJ
JDV
,QPHWDOORJUDSKLFH[DPLQDWLRQ )LJERWWRPD VOLJKWPHOWLQJRI WKH VXEVWUDWH FRXOGEH VHHQ+RZHYHUSRUHV
FRXOGQRWEHIRXQGLQFURVVVHFWLRQV$VIDUDVWKHFRQQHFWLRQZLGWKLVFRQFHUQHGWKHILOOHUPHWDOGHHSO\SHQHWUDWHG
WKHMRLQWUHVXOWLQJLQODUJHFRQQHFWLRQZLGWKVWRHLWKHUSDQHO6' PPDQG66: PPZLWKWKHPLQLPXP
FRQQHFWLRQZLGWK6$EHLQJPPZKLFKLVWLPHVWKHVKHHWWKLFNQHVV
)XUWKHUPRUHDPPORQJVHFWLRQIURPWKHMRLQWZDVDQDO\]HGXVLQJ;UD\FRPSXWHUWRPRJUDSK\;&7VHH
)LJ 7KHUHE\ D WRWDO QXPEHU RI SRUHV ZLWK D GLDPHWHU RI P WR P FRXOG EH IRXQG DW ZKLFK QR
SUHIHUHG ORFDWLRQFRXOGEHGHWHUPLQHG VHH)LJDDQGE0RUHRYHU LW FRXOGEH IRXQGE\;&7DQDO\VLV WKDW WKH
ZHWWHGDUHDRIWKHJURYHRIWKHMRLQWZDVQRWXQLIRUPDORQJWKHFRXUVHRIWKHVHDP7KLVLVLOOXVWUDWHGE\)LJFDQG
)LJGVKRZLQJWZRGLIIHUHQWSODQHVIURPWKH;&7DQDO\VLVZLWKGLIIHULQJJDSILOOLQJVZKLFKFDQEHVHHQE\WKH
ZHWWLQJ RI WKH VLGH SDQHO LQ HLWKHU SLFWXUH ULJKW VKHHW0RUHRYHU LW FRXOG EH SURYHQ E\;&7 DQDO\VLV WKDW QR
ZHWWLQJIDLOXUHVRFFXUUHG
)LJ2YHUYLHZRIWKHVHDPDSSHDUDQFHWRSFURVVVHFWLRQRIWKH
MRLQW3DUDPHWHUVODVHUSRZHU N:IRFXVSRVLWLRQ PP
SURFHVVJDV$UOPLQ
)LJ)RXUGLIIHUHQWSODQHVIURP;UD\FRPSXWHUWRPRJUDSK\DQDO\VLV
RIWKHURRIWRVLGHSDQHOMRLQW,OOXVWUDWLRQRIGHWHFWHGSRUHVDEDQG
GLIIHULQJEUD]HPHWDOSHQHWUDWLRQRIWKHJURYHRIWKHMRLQWFG
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'LVFXVVLRQ
/50 VKRZV WKDW WKH VXEVWUDWH LV LOOXPLQDWHG DQG WKHUHIRUH PRVW OLNHO\ SUHKHDWHG DW D FORVH GLVWDQFH WR WKH
ZHWWLQJ7KLVLQVWDQFHPLJKWYHU\ZHOOEHFKDOOHQJLQJWHPSHUDWXUHPHDVXUHPHQWVLQFHWKHUHJLRQRILQWHUHVWLVYHU\
VPDOODQGKLJKWHPSHUDWXUHJUDGLHQWVDUHH[SHFWHGWKLVFORVHWRWKHFRSSHUPHOW
&RQVLGHULQJWKHVHDPDSSHDUDQFHIRUEHDGRQSODWHODVHUEUD]LQJLWFDQEHVHHQWKDWWKHFRXUVHRIWKHVHDPHGJHV
DQGWKHVHDPZLGWKDSSHDUWREHHYHQEXWQRWVWUDLJKW6LQFHZHWWLQJLVKLJKO\LQIOXHQFHGE\WKHWHPSHUDWXUHWKLV
PLJKW HLWKHUEHGXH WR VOLJKW LUUHJXODULWLHV LQ WKHEUD]HPHWDO WHPSHUDWXUHRU WKH VXEVWUDWH WHPSHUDWXUH5HIOHFWHG
VKDUHV RI WKH ODVHU UDGLDWLRQ FRXOG EH GHWHFWHG SULRU WR WKH ZHWWLQJ DQG QH[W WR WKH VHDP HGJHV ZKLFK ERWK
FRQWULEXWHV WRDQ LPSURYHGZHWWLQJ7KH ODVHU UDGLDWLRQPRQLWRULQJ /50 LQGLFDWHV WHPSHUDWXUHYDULDWLRQVRI WKH
VXUIDFH RI WKH VXEVWUDWH GXH WR YDU\LQJ LOOXPLQDWLRQ E\ UHIOHFWHG UDGLDWLRQ IURP WKH EUD]H PHWDO 7KHUHIRUH WKH
JHQHUDWHGWHPSHUDWXUHILHOGRIWKHVXEVWUDWHFRXOGEHFKDQJLQJWRVRPHH[WHQGGXULQJWKHZHWWLQJ
$QRWKHUSRLQWWKDWKDV WREHDGGUHVVHGLQ WKLVFRQWH[W LV WKHG\QDPLFEHKDYLRURI WKHEUD]HPHWDO7KHYDU\LQJ
VKDSHRIWKHUHIOHFWLRQRIWKHODVHUUDGLDWLRQRQWRWKHVXEVWUDWHFDQPRVWSUREDEO\EHUHODWHGWRDSHULRGLFZHWWLQJDQG
FRQVWDQWO\FKDQJLQJVKDSHRIWKHEUD]HPHWDOZKLFKFDQEHVHHQLQKLJKVSHHGSURFHVVPRQLWRULQJ7KLVDJUHHVZLWK
WKHILQGLQJVIURP*ULPPVXJJHVWLQJ WKHZHWWLQJ WDNHVSODFHSHULRGLFDOO\+RZHYHU WRSHUIRUPD IUHTXHQF\
DQDO\VLVRIWKHFRQVWLWXWLRQDOFKDQJHRIWKHGHWHFWHGVKDSHRIWKHUHIOHFWLRQLQFUHDVLQJWKHIUDPHUDWHRIWKHFDPHUD
ZLOOEHQHFHVVDU\$VXFFHVVIXOFRUUHODWLRQRI/50DQGWKHZHWWLQJIUHTXHQF\FRXOGEHDNH\VWHSWRLPSURYHODVHU
EUD]LQJVLQFH/50FDQEHDSSOLHGHDVLO\DWORZFRVWVDQGWKHZHWWLQJIUHTXHQF\LVGHFLFLYHIRUVHDPTXDOLW\EXW
XVXDOO\FRPSOH[PHWURORJ\LVUHTXLUHGWRGHWHFWLW
/DVHU EUD]LQJRI ILOOHW MRLQWV LQ ODVHU OHDGLQJ FRQILJXUDWLRQSURYHG WKH LQGXVWULDO DSSOLFDELOLW\ RI WKH DSSURDFK
DOWKRXJKVOLJKWPHOWLQJRI WKHVXEVWUDWHZDV IRXQG+RZHYHU LVZDVGHPRQVWUDWHG WKDWEUD]LQJZLWKD ODVHUEHDP
GLDPHWHUPPLQWKHUDQJHRIWKHILOOHUZLUHGLDPHWHUPPLVIHDVLEOH1RUPDOO\WKHDSSOLHGEHDPGLDPHWHU
LVDERXWWZRWLPHVWKHGLDPHWHURIWKHILOOHUZLUHWRDFKLHYHDVXIILFLHQWSUHKHDWLQJDQGSUHYHQWWKHRFFXUUHQFHRI
ZHWWLQJIDLOXUHVFI+HLWPDQHNHWDO&RQVLGHULQJJDSILOOLQJRIWKHEUD]HPHWDODFKLHYHGZLWKWKHSUHVHQWHG
DSSURDFK DQG WKH FRPSOHWHG ZHWWLQJ FRQILUPHG E\ ;UD\ FRPSXWHU WRPRJUDSK\ ;&7 DQDO\VLV WKH LQWHQGHG
SUHKHDWLQJDSSHDUVWREHSURPLVLQJZKLFKLVLPSURYLQJWKHZHWWLQJVLJQLILFDQWO\
7KH UHVXOWLQJ PLPLPXP FRQQHFWLRQ ZLGWK PHDVXUHG LQ WKH FURVVVHFWLRQ ZDV WLPHV WKH VKHHW WKLFNQHVV
7\SLFDOO\ D PLQLPXP FRQQHFWLRQ ZLGWK RI RQO\ WLPHV WKH VKHHW WKLFNQHVV LV UHTXLUHG $FFRUGLQJ WR
+HLWPDQHNHWDO HYHQ OHVV LV DFFHSWDEOH 7KHUHIRUH D UHGXFWLRQ RI WKH ILOOHU ZLUH IHHG UDWH RI PPLQ
ZKLFK ZDV DSSOLHG LQ WKH H[SHULPHQWV PLJKW EH SRVVLEOH RU HYHQ UHFRPPHQGDEOH )XUWKHUPRUH DQ LQFUHDVHG
SURFHVVLQJVSHHGRIPPLQFRXOGEHGHQPRQVWUDWHGRYHUFRPLQJWKHOLPLWVRIFRQYHQWLRQDOODVHUEUD]LQJ
&RQFOXVLRQ
,WFRXOGEHGHPRQVWUDWHGWKDWODVHUEUD]LQJRIJDOYDQL]HGVWHHOVXVLQJFRSSHUEDVHILOOHUPDWULDOLVIHDVLEOHLQODVHU
OHDGLQJSURFHVVFRQILJXUDWLRQ6WDEOHSURFHVVLQJFRXOGEHDFKLHYHGIRUERWKEHDGRQSODWHH[SHULPHQWVDVZHOODVIRU
ODVHUEUD]LQJRIILOOHWMRLQWVDVGHPRQVWUDWHGE\EUD]LQJWKHURRIWRVLGHSDQHOVWUXFWXUHZKLFKUHSUHVHWVDFRPPRQ
DSSOLFDWLRQIRU ODVHUEUD]LQJLQ WKHDXWRPRWLYH LQGXVWU\,Q WKH ODWWHUFDVH LWZDVVKRZQ WKDW WKHSURFHVVLQJVSHHG
FRXOGEHLQFUHDVHGWRPPLQ
5HIOHFWHGODVHUUDGLDWLRQFRXOGEHGHWHFWHGXVLQJDILOWHUHGVWDQGDUGPRQRFKURPH&026FDPHUD%\WKLVPHDQV
LWFRXOGEHVKRZQWKDWRWKHUZLVHFRQYHQWLRQDOO\XQH[SORLWHGODVHUUDGLDWLRQVKDUHVZKLFKDUHUHIOHFWHGE\WKHEUD]H
PHWDO FDQ EH SXUSRVHIXOO\ UHGLUHFWHG RQWR WKH VXEVWUDWH SULRU WR WKH ZHWWLQJ IRU EUD]LQJ LQ ODVHU OHDGLQJ
FRQILJXUDWLRQ7KHUHIRUHEUD]LQJ LQ ODVHU OHDGLQJ FRQILJXUDWLRQKDV FOHDUEHQHILWV FRQFHUQLQJ SUHKHDWLQJRI WKH
VXEVWUDWH FRPSDUHGZLWK WKH FRQYHQWLRQDOSURFHVV FRQILJXUDWLRQZLWK WKH ILOOHUZLUH VKDGRZLQJSDUWV RI WKH MRLQW
3URFHVVPRQLWRULQJVKRZVWKDWERWKZLUHGHSRVLWLRQDQGZHWWLQJRIWKHVXEVWUDWHDUHWDNLQJSODFHUDWKHUG\QDPLFRU
ZLWKDSHULRGLFEHKDYLRUWKDQEHLQJFRPSOHWHO\XQLIRUP
,WLVLOOXVWUDWHGE\PHDQVRI;UD\FRPSXWHGWRPRJUDSK\RIILOOHWMRLQWVWKDWDSSURSULDWHSUHKHDWLQJLVDFKLHYHG
UHVXOWLQJ LQGHHSEUD]HPHWDOSHQHWUDWLRQZLWKQRFRQQHFWLRQIDLOXUHVRFFXUULQJRYHUDOO LPSURYLQJ WKHFRQQHFWLRQ
DQGLQGLFDWLQJIXUWKHUSRWHQWLDORIWKHLQYHVWLJDWHGDSSURDFK

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